Received for publication 14 May 1976 A number of the temperature-sensitive mutants of Sindbis virus originally isolated and characterized by Pfefferkorn (1966, 1968) were reexamined for their abilities to grow and complement one another in cultured BHK-21 and Aedes albopictus (mosquito) cells. The response of the mutants to conditions of high and low temperature was similar in cultured cells of both the vertebrate and invertebrate hosts. Complementation experiments in BHK-21 cells produced growth patterns similar to those described by Burge and Pfefferkorn for chicken embryo fibroblast cells (1966) and placed the mutants into six nonoverlapping complementation groups. When examined in the cultured mosquito cells, only three of the nine mutants used in this study demonstrated complementation under a variety of experimental conditions. Homologous interference experiments demonstrated that the unusual patterns of complementation obtained in the A. albopictus cells did not result from an inefficient infection of the invertebrate cells by the mutants.
Sindbis virus is a member of the alpha-togaviruses and also belongs to a grouping of viruses known as arthropod-borne viruses (arboviruses). The arboviruses are propagated in nature through their ability to successfully infect and grow in cells of a poikilothermic (arthropod) vector as well as in cells of a homothermic (vertebrate) host. A considerable amount of information has been gathered on the morphological, biochemical, and genetic processes accompanying Sindbis virus growth in tissue-cultured vertebrate cells, whereas much less is known about the same processes in the invertebrate system (11) . The development of continuous lines of mosquito cells by Singh (13) has made it possible to examine the growth of arboviruses in invertebrate cells using the techniques which have been successfully applied to the vertebrate system. Comparative studies of the growth of arboviruses in vertebrate and invertebrate cultured cells have revealed that although the onset of virus production, rate of virus growth, and final yield of virus produced is similar in both systems, striking differences are found in the response of the two cell lines to virus infection. The virus-infected mosquito cells, like the insect itself, show none of the acute cytocidal effects of virus infection so readily observed in cultured vertebrate cells. Infected cultures establish a persistent state of infection in which the cells divide and grow normally while continually producing virus (1, 6, 10, 12, 14) . Morphological examination of infected mosquito cells has suggested some differences in the pattern of virus growth in the invertebrate cells compared to cultured vertebrate cells. Raghow et al. (12) and Gliedman et al. (6) have shown that budding of virions at the surface of infected insect cells can only rarely be detected, with the bulk of progeny virions accumulated in internal vesicles to be later released by fusion of the vesicle with the cell surface. It is possible that the sequestering of some of the virus reproductive processes to the restricted areas of the cell cytoplasm protects the infected cell from toxic agents that result from virus infection and cause cell death in the vertebrate host. Examination of the process of genetic complementation by temperature-sensitive (ts) mutants of Sindbis virus in the cultured mosquito cells provides a system for further examining this possibility, as complementation requires the intermixing of the gene products of two virions infecting the same cell. This intermixing of virus-specified components might be hindered by a compartmentalization of virus growth.
The original genetic studies of Burge and Pfefferkorn (2) (3) (4) Table 1 , together with their titers at permissive and nonpermissive temperature as established in our laboratory with BHK-21 cells. Virus stocks were prepared after plaque purification by passage at low multiplicity in BHK-21 cells in media containing 1% serum at 28°C. All titrations were carried out using BHK-21 cells. After adsorption of the virus dilution at room temperature for 1 h the monolayers were overlayed with 1% agarose in Eagle medium containing 2% fetal calf serum. The monolayers were stained with neutral red, and the plaques were counted after 3 days of incubation.
RESULTS
Procedures for measuring complementation in BHK-21 and A. albopictus cells. Complementation experiments were carried out using the procedures described by Burge and Pfefferkorn (2) , with modifications only in the period of incubation. Either BHK-21 or A. albopictus cells were infected with equal multiplicities (20 PFU/cell) of each parent virus. The infections were carried out at 40C for 1 h, and the monolayers were then washed with warm (400C) media and placed at nonpermissive temperature (39.5°C) for 4 h. At the end of this initial incubation period the monolayers were washed twice with warm media (400C) and returned to the nonpermissive temperature. We have found, as reported by Burge and Pfefferkorn (2), this second washing step to be essential for the detection of complementation with many of the mutants. The background levels of virus found in an experiment in which only one mutant is used can be reduced by as much as two logarithms by this procedure. The yield of virus produced in the double infection was di-vided by the sum of the yields produced by the mutants grown separately under identical conditions. The resulting number or "complementation level" was used as an expression of complementation using the method of Burge and Pfefferkorn (2) Tables 2 and 3 were then repeated at 35, 37, and 39.50C with the substitution of ts-13 for ts-2. The results of these experiments confirmed the lack of complementation of all combinations of mutants which were repeated from Table 3 at all temperatures tested in the mosquito cells. The substitution of ts-13 for ts-2, however, produced an interesting result. ts-13 was found to complement ts-11 and ts-6 at all three temperatures tested (Table 5 ). ts-13 did not produce detectable complementation with members of groups A, D, or E (data not shown). Interestingly, the third possible combination of complementing mutants (ts-11 x ts-6) demonstrated no complementation (Table 5 ). These growth patterns of the mutants in mixed infection were consistent and reproducible at all temperatures tested. Attempts to duplicate the above complementations by ts-13 in the A. albopictus cells using ts-5 and ts-2 (both members of the same BHK-21-determined complementation group as ts-13) failed. Neither ts-5 nor ts-2 could complement ts-11 or ts-6.
The experiments described in Tables 2, 3 , and 5 were repeated with the multiplicity of infection of both infecting mutants increased to 500 PFU/cell. The increase in the multiplicity of infection did not alter the patterns of complementation described above. Table 4. quently exclude the growth of superinfecting wild-type Sindbis virus. Both BHK-21 and A. albopictus cells were infected with 20 PFU of ts-20 per cell using the procedure described above for the complementation test. After the initial infection the cells were washed and placed at 2800 for 1.5 h to allow for the expression of those functions required for interference (7) . The cells were again carefully washed, and an additional 20 PFU of wild-type virus per cell was given to the cultures. The cells were washed again after 1 h and placed at 28°C. Four hours later the cells were again washed and placed at 280C for 30 h. The virus produced during the incubation period from both mosquito and BHK-21 cells was titered on BHK-21 cells at 28 and 39.5°C to deternine the temperature sensitivity of the progeny. The result of this experiment (Table 6) showed that all of the virus produced from both types of cells was The pattern of complementation found in the BHK-21 cell system is similar to that found by Burge and Pfefferkorn in chicken embryo cultures (2), except that we place ts-6 into a separate complementation group-group 6. Group 7 as demonstrated by J. H. Strauss and E. G. Strauss (personal communication) was not found in this study.
In A. albopictus cells only three mutants were capable of producing detectable levels of complementation and in only two of the three possible combinations. Mutants ts-6 (group F) and ts-11 (group B) were able to complement ts-13 (group C); however, ts-11 was not able to produce detectable complementation in mixed infections with ts-6, though it does so in BHI-21 cells (Table 2) . Furthermore, neither ts-2 nor ts-5 can be complemented by ts-11 or ts-6, even though they are in the same group as ts-13 (as established in vertebrate cells [3] ; Table 2 ). It is also interesting that the mutant combinations which do produce detectable levels of complementation in the mosquito cells are not those giving the highest values in the vertebrate cell system (Table 2 ). Attempts to subdivide existing complementation groups (established in vertebrate cells) by mixed infections with members of the same grouping (e.g., ts-2 x ts-13) in the mosquito cells failed (data not shown).
On the basis of the data presented, the nine ts mutants examined in this study can be organized into three groups based on their growth characteristics in mixed infections in A. albopictus cells: group 1, six mutants (ts-24, -2, -5, -23, -10, and -20) which do not complement in any of the combinations or conditions tested; group 2, two mutants (ts-11 and ts-6) which complement a common mutant (ts-13) but do not complement each other; and group 3, a single mutant (ts-13) complementing both ts-11 and ts-6.
A number of explanations can be proposed to account for the unusual behavior of the Sindbis ts mutants in the cultured mosquito cells. The mutants in group 1 may produce so little virus protein at nonpermissive temperature in the mosquito cells that the limited biochemical interaction of these mutants in a mixed infection is not detectable as complementation by the procedures employed. It is also possible that these mutants, which were all produced by chemical mutagenesis and isolated in vertebrate cells (3), are double or multiple mutants with respect to their ability to grow in invertebrate cells. Because of the phylogenetically unrelated nature of the two host cell systems involved in the growth of arboviruses in nature, there may exist regions of the viral genome which are expressed and/or are essential in the invertebrate but not in the vertebrate host. A mutation in this region(s) in addition to a mutation in a gene essential for vertebrate cell growth would behave as a single mutation when characterized in the vertebrate cell system. It is, thirdly, possible that the lack of complementation reflects the compartmentalization within the invertebrate cell of virusspecified materials. This compartmentalization of virus development was suggested by morphological examination of infected mosquito cells by Gliedman et al. (6) . This last proposal cannot, however, alone account for the lack of complementation by these mutants, as ts-2 and ts-5 belong to the noncomplementing group 1 in the mosquito cells but belong to the same group as the complementing mutant ts-13 in a vertebrate cell assay. The behavior of the mutants is best explained if one considers that a number of the above-suggested possibilities are working simultaneously. The concept of the existence of cistrons that are essential only in the invertebrate host cell, and the isolation of silent mutations in these genes while producing the origi- 
